Summary A central assumption of ecosystem N cycling has been that organic N must be converted to inorganic N to be available for plant uptake, but this has been questioned by recent studies. We examined uptake of nitrate, ammonium and the amino acid glycine in three species from Eucalyptus obliqua L'Her. wet forest in Tasmania, south-eastern Australia, to test the hypothesis that all three species can take up glycine, and to compare rates of glycine uptake with rates of uptake of nitrate and ammonium uptake. The alternative hypothesis that species vary in their preference for nitrate, ammonium and glycine ("niche differentiation") was also examined. Measurements were made on the canopy dominant Eucalyptus obliqua, and two rain forest tree species found in the understory or as sub-dominants of the canopy, Nothofagus cunninghamii (Hook.) Oerst. and Phyllocladus aspleniifolius (Labill.) Hook.f. Nitrogen uptake was examined in situ with attached roots placed in uptake solutions containing equimolar concentrations (100 µmol l -1 ) of 15 N-nitrate, 15 N-ammonium and 2-13 C 2 15 N-glycine. Species did not differ in their preference for different forms of N (species × N form interaction, P > 0.05), and thus there was no evidence of niche differentiation. In all species, rates of uptake were highest for ammonium (11 ± 5 µmol g DM -1 h -1 ; mean ± SD, n = 108), uptake of glycine occurred at less than half this rate (4.4 ± 2.6 µmol g DM -1 h -1 ), whereas uptake of nitrate occurred at one-tenth of this rate (0.9 ± 1.2 µmol g DM -1 h -1 ). The strong positive relationship between 15 N and 13 C uptake indicated that at least 72% of glycine-N was taken up intact. These findings indicate the potential for considerable uptake of organic N in the field.
Introduction
A central assumption of ecosystem N cycling has been that organic N must be converted to inorganic N (ammonium and nitrate) to be available for plant uptake, and thus N mineralization has been viewed as the bottleneck in plant N nutrition. More recent studies indicate that a variety of vascular plants can directly take up significant quantities of organic N, especially simple forms such as amino acids, and bypass the supposed bottleneck of N mineralization (Chapin et al. 1993 , Turnbull et al. 1996 .
Species vary in their ability take up amino acids. In general, early successional species have a limited capacity for amino acid uptake, whereas late successional species, and especially those from cold soils that are wet or acidic, or both, have a much higher capacity for amino acid uptake (Chapin et al. 1993 , Schmidt and Stewart 1999 , Nordin et al. 2001 . The most general explanation for this observation is that plant preference for N forms is related to the N form most abundant in their natural habitat (Stewart et al. 1989 , Kronzucker et al. 1997 ; however, even within habitats, species may vary in their preference for N forms. Interspecific variation in preference for N forms has been reported from temperate grassland (Weigelt et al. 2003 , Weigelt et al. 2005 , arctic tundra (McKane et al. 2002) and alpine communities Bowman 2002, Miller and Bowman 2003) . This has led to suggestions that species' variation in preference may lead to differentiation of niches, thereby reducing competition for N and promoting co-existence of species (McKane et al. 2002) .
Previous studies of ecosystem N cycling in forests of south-eastern Australia (reviewed by Attiwill and Adams 1993) have examined uptake of only inorganic N. Because there are no published reports of organic N uptake by species of south-eastern Australia, their potential for uptake of organic N is unknown. For this reason we examined the uptake of different N forms in three species from Eucalyptus obliqua forest-the most common forest type in south-eastern Australia. Previous studies in northern parts of Australia have examined uptake of N forms (e.g., Turnbull et al. 1995 , Turnbull et al. 1996 , Schmidt and Stewart 1999 , but these studies suffered from methodological drawbacks that affect interpretation. All previous studies were based on excised roots supplied with exceptionally high concentrations of substrate (> 1 mmol l -1 ). In the present report we circumvented some of these technical difficulties by examining uptake of nitrate, ammonium and the amino acid glycine by attached intact roots of trees growing in their natural habitat. Uptake solutions were a more realistic 100 µmol l -1 , and we used dual-labeled glycine (2-13 C 2 15 N-glycine) as a means to determine if the molecule is taken up intact . In contrast to many past studies that have been one-off measurements, we made measurements four times during the year (February, May, August and November) at three sites. We chose sites burnt about 25, 100 and 300 years ago because fire is a common form of disturbance in these forests (Hickey et al. 1999) and it may alter the availability of N (Attiwill and Adams 1993) . Our methods are, however, not without their limitations; the primary one being that solutions may not mimic actual concentrations in the soil solution and that they examine uptake in the absence of competition with soil and soil organisms.
Measurements were made on the canopy-dominant Eucalyptus obliqua L'Her., and two rain forest tree species found in the understory or as sub-dominants of the canopy, Nothofagus cunninghamii (Hook.) Oerst. and Phyllocladus aspleniifolius (Labill.) Hook.f. We tested the hypothesis that all three species can take up glycine intact, and investigated how rates of glycine uptake compare with rates of nitrate and ammonium uptake. The alternative hypothesis that species vary in their preference for nitrate, ammonium and glycine ("niche differentiation", sensu McKane et al. 2002) was also examined.
Materials and methods

Field sites
Measurements were made at the Warra long-term ecological research site (LTER) (http://www.warra.com/warra/) (146°40′ E, 43°04′ S) located near the junction of the Huon and Weld Rivers in southern Tasmania, Australia. Rainfall is around 1600 mm year -1 , and pan evaporation is around 800 mm year -1 . Mean summer maximum and minimum temperatures are 21.6 and 10°C, respectively, and mean winter maximum and minimum temperatures are 9.7 and 2.1°C, respectively. Vegetation and soils of the Warra LTER have been described in detail elsewhere (Brown et al. 2001 , Corbett and Balmer 2001 , Laffan 2001 ), so only a brief description is given here. Based on known fire histories, we identified three sites differing primarily in time since last fire (~25, 100 and 300 years ago). The sites were located alongside Warra Road at altitudes between 225 and 275 m above sea level. All sites have northerly aspects, with imperfectly drained clay soils underlain by Jurassic dolerite. Soils are formed on slope deposits derived from Jurassic dolerite. Stones and large boulders of dolerite were common on the soil surface and throughout the profile. Soils have a gradational texture profile with a humic clay loam A1 horizon overlying gray and orange mottled clayey subsoil (for further details see Laffan 2001) .
Measurements were made in Eucalyptus obliqua wet forest, which is the most common forest type in Tasmania (Brown et al. 2001 ). All three sites were Eucalyptus obliqua mixed forest with an understory of rain forest species typical of thamnic rain forest (sensu Jarman et al. 1984) . Eucalyptus obliqua was the canopy dominant at all three sites, with the main sub-dominant tree species being Nothofagus cunninghamii and Phyllocladus aspleniifolius.
Nitrogen uptake by intact roots
Measurements of N uptake were made in three species (Eucalyptus obliqua, Nothofagus cunninghamii and Phyllocladus aspleniifolius) on four occasions (February, May, August and November 2005) at each study site (25-year-old (YO), 100 YO, 300 YO). Measurements were made on three replicate trees per species, with duplicate measurements per tree and form of N (i.e., four dates × three species × three replicate trees × two roots per N form). Different trees were selected at each sample time. Measurements from the two roots per form of N were averaged after analysis. Trees are considered experimental units throughout.
Nitrogen uptake measurements took one day per site, with the three sites being measured on three consecutive days. Nitrogen uptake was determined from uptake of labeled substrate (60 atom % 15 NO 3 -, 60 atom % 15 NH 4 + , 99 atom % 2-13 C 2 15 N-glycine; Isotec Inc., Miamisburg, OH), essentially as described by Warren and Adams (2002) . Trees were simultaneously supplied all three N sources at 100 µmol N l -1 . Three uptake solutions were prepared differing only in which N source was labeled. In addition to N, uptake solutions contained 10 mg l -1 ampicillin (to minimize microbial activity) and 100 µmol l -1 CaCl 2 .2H 2 O (for membrane stability). Uptake solutions were prepared with deionized water and stored for no longer than 3 days.
Fine roots were unearthed by starting at the base of a tree and following individual roots outward. Only fine, young roots were used. Six roots per tree (3 N forms × 2 replicates) were carefully unearthed from the surface soil. Soil was gently removed from the outside of roots by irrigating with water. A plastic 15-ml centrifuge tube containing uptake solution was pushed into the soil adjacent to the root, and the root placed in the tube with the root tip immersed in uptake solution. After 2-3 h of incubation, the root tip (and some 3-5 mm beyond the root tip that was moistened by the solution) was excised, washed with 50 mmol l -1 KCl and then with deionized water. Roots were dried at 80°C and their total dry mass recorded. Amounts of C, N, 13 C and 15 N were determined by isotope-ratio mass spectrometry at the UC Davis Stable Isotope Facility.
Nitrogen uptake was calculated from the enrichment of 15 N compared with control roots fed unlabeled nitrate and ammonium. Rates were expressed per unit dry mass of root tip immersed in the solution and the small, moistened part beyond. In a preliminary experiment we determined whether 15 N was exported from root segments during the 2-3-hour incubation. For this, we collected root tips as described above, but also collected a root section of 4 cm that was not immersed in the labeled solution. The 15 N enrichment of the root segment outside the solution was less than 10% of total enrichment of both segments, indicating that the bulk of label remained in the root, as has been found in other species (Hawkins et al. 2005) . It is possible that rates of N uptake are underestimated by up to 10%; however, this should not introduce a systematic bias in N-source preference because the degree of underestimation is largely a function of xylem flux, which is independent of the form of N taken up.
Values of atom percent and concentrations of C and N were used to calculate moles excess of 15 N and 13 C. For calculation of excess 15 N, we first determined δ 15 N of a subsample of unlabeled roots. Because δ 15 N of unlabeled roots did not vary among species and was 0 ± 2‰ (n = 6 per species), we used the atomic standard of 15 N (N 2 : 0.3663 atom %) as the reference for calculating excess 15 N. Mean 13 C abundance of 15 N-ammonium-fed and 15 N-nitrate-fed roots were used as references for calculation of 13 C excess. Mean values were calculated for each species at each site. Using 13 C references exposed to the same amount and forms of N as roots receiving 2-13 C 2 15 N-glycine accounts for possible shifts in 13 C due to N uptake (Raven and Farquhar 1990) . Uptake rate was calculated per unit root dry mass (µmol N g -1 DM h -1 ) and data for the duplicate roots per tree were averaged.
Resin bag estimates of N and P availability
To determine if there were large differences in N or P availability, or both, among sites, we used a buried bag ion-exchange method (Skogley and Dobermann 1996) . This method was not used to determine relative abundance of N forms because the long duration of burial meant that there was a high likelihood of captured organic N being mineralized to inorganic N. Bags were retrieved three months after burial and replaced by a fresh set of bags that were retrieved after a further three months. This continued for one year, from November 2004 until November 2005. On each occasion, 10 cation bags and 10 anion bags were buried at each site.
Resin bags were made by enclosing 4.0 g (saturated mass) of anion-exchange resin (Amberlite IRA-400 OH -) or cation-exchange resin (Amberlite IR-120 H + ) in a nylon bag (5 × 5 cm, 200 µm mesh; Nytal, Sefar, Freibach, Switzerland). Bags were buried vertically in the top 0-10 cm of the soil. Anion and cation bags were buried about 75 cm from each other and were considered to be independent.
Bags were retrieved, sealed in plastic bags and stored at 4°C until analyzed. Anions and cations were extracted with 2 M NaCl in 0.1 M HCl (1:10 (w/v) resin FW:NaCl in HCl, Giblin et al. 1994) . Tubes were shaken end-to-end at 100 rpm for 60 min, and centrifuged at 1500 g for 5 min. The supernatant was stored at -20°C until analyzed. Nitrogen captured by resin bags is the sum of nitrate and ammonium (determined by segmented flow analysis, see below), and total amino acids (determined by a ninhydrin method, see below).
Soil extracts
Soil extracts were made to investigate the relative abundances of nitrate, ammonium and amino acids. Because we were interested only in knowing if amino acids, and glycine in particular, occur in these soils, full seasonal collection and analysis of soil extracts was unnecessary. For this reason, soil was collected only once, in November 2005. We collected 10 soil cores (0-10 cm) per site, which were sealed in plastic bags and stored at 4°C for no more than 48 h. Soils were extracted by shaking for 2 h with 2.0 M KCl or deionized water (1:5 (w/v) soil FW:extractant). Extracts were filtered and stored frozen at -20°C until analysis of nitrate and ammonium (segmentedflow analyser, see below), and total amino acids (ninhydrin method and capillary electrophoresis, see below). The pH and conductivity of soils were determined in a separate group of water extracts (1:5 (w/v) soil FW:water). A subsample of soil was dried to determine the FW:DW ratio. On this same subsample we also determined N and C concentrations by elemental analysis (CHN-2000, LECO Corp, St. Joseph, MI).
Measurements of phosphorus, nitrate, ammonium and total amino acids
Phosphorus, nitrate, ammonium and total amino acids were determined in soil extracts and in resin bag extracts. Phosphorus was determined by the colorimetric method of Murphy and Riley (1962) . Nitrate and ammonium were determined by segmented flow analysis (Bran & Luebbe, Norderstedt, Germany). Total amino acids were determined with the ninhydrin method (Moore 1968 , as modified by Jones et al. 2002) . Ninhydrin reacts with ammonium with almost the same sensitivity as amino acids, and thus it was necessary to remove ammonium from the extracts. This was achieved by adding 25 mg of MgO to a 2.0-ml Eppendorf tube containing 1.0 ml of soil extract, and shaking for 24 h (with lids open). This amount of MgO was sufficient to raise the pH to 10-12 and volatilize ammonia.
Measurement of individual amino acids by capillary electrophoresis
Capillary electrophoresis was used to determine the relative abundance of different amino acids in water extracts of soil. We could not analyze amino acids in KCl extracts because the high salt concentrations prevented capillary electrophoresis. Amino acids were separated by capillary electrophoresis by a method modified from Warren and Adams (2004) . The primary change was increasing the pH of the electrolyte to 12.1. Because the detection limits of individual amino acids with this system are in the order of 10-20 µmol l -1 and the total concentration of amino acids in extracts was typically less than 50 µmol l -1 , the capillary electrophoresis method was used only to indicate the relative abundance of amino acids.
Results
Soil
There were no consistent differences among sites in soil properties (0-10 cm depth) (Tables 1 and 2 ). Soil pH was about 5, total N was around 0.2%, and total C varied between 6 and 8%. Capture of N by resin bags varied between 35 and 41 nmol N g -1 resin day -1 , whereas P capture varied between 6 and 10 nmol P g -1 resin day -1 .
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UPTAKE OF NITROGEN
The absolute concentrations and relative proportions of nitrate, ammonium and amino acids varied between the water and KCl extracts (Table 2) . Nevertheless, the general trends were consistent with both types of extractant. Concentrations of ammonium and amino acids were generally rather similar. In contrast, concentrations of nitrate were generally at least 10 times less than the concentrations of ammonium and amino acids. In addition, there was evidence of lower ammonium concentrations under the 300-year-old forest compared with the two younger age classes (Table 2) .
Amino acids in water extracts were analyzed by capillary electrophoresis, but because concentrations were close to detection limits it was not possible to quantify accurately the individual amino acids. Nevertheless, it was possible to determine the relative abundance of the dominant amino acids. The dominant amino acids in water extracts (n = 30) were lysine (42% of amino acid N), arginine (28%) and glycine (22%) (data not shown). Other amino acids present at lower concentrations were, in order of decreasing concentration, serine, ornithine, aspartic acid, glutamic acid and tyrosine.
Nitrogen uptake by roots
Rates of uptake of nitrate, ammonium, glycine and their sum did not vary among the four sampling dates (P = 0.239) or the three sites (P = 0.741). For this reason data for the three sites and four dates are combined. There was a general trend for the sum of nitrate, ammonium and amino acid uptake to be higher in Phyllocladus than in Eucalyptus or Nothofagus, but this trend was not significant (Figure 1 ). Species did not differ in their "preference" for different forms of N (Figure 2 ; species × N form interaction, P = 0.677). In all species, rates of uptake were highest for ammonium (11 ± 5 µmol g h -1 ; mean ± SD, n = 108), glycine was taken up at less than half of this rate 416 WARREN AND ADAMS TREE PHYSIOLOGY VOLUME 27, 2007 Table 2 . Concentrations of nitrate, ammonium, amino acids and phosphorus at three areas at the Warra long-term ecological research site. Areas were burnt about 25, 100 and 300 years ago. Soil was collected in November 2005 and extracts were made with water or 2 M KCl (1:5 (w/v), soil:extractant). Data are expressed per unit soil dry mass. Each value is the mean of 8-10 replicates per site. The standard deviation is given in parentheses. Capillary electrophoresis was used to determine the relative abundance of amino acids in water extracts. The dominant amino acids in water extracts were lysine (42% of amino acid N), arginine (28%) and glycine (22%) (data not shown). Other amino acids present at lower concentrations were, in order of decreasing concentration, serine, ornithine, aspartic acid, glutamic acid and tyrosine.
Site Water extracts 2 M KCl extracts Rate of total N uptake was calculated as the sum of the uptake rates of 15 N-nitrate, 15 N-ammonium and 2-13 C 2 15 N-glycine from solutions containing 100 µmol l -1 of each N form. Uptake by the three species was measured at three sites on each of four occasions. There was no difference in total N uptake rates among sites or dates (P > 0.05) and thus these data are combined. Each value is the mean of 36 replicates per species (3 sites × 4 dates × 3 replicate trees). Errors bars = 1 SD. Total N uptake rates did not differ significantly among species (P > 0.05).
(4.4 ± 2.6 µmol g h -1 ), whereas the nitrate uptake rate was ten times lower (0.9 ± 1.2 µmol g h -1 ).
Is glycine taken up intact?
To determine if glycine was taken up intact or after deamination, it was fed as double-labeled glycine (2-13 C 2 15 N-glycine). The δ 13 C of roots fed double-labeled glycine (-26.0 ± 2.4‰; mean ± SD, n = 108) was around 3‰ more positive than roots fed 15 N-nitrate (-29.3 ± 1.4‰) or 15 N-ammonium (-29.1 ± 0.9‰) (Figure 3 ). There was a strong positive relationship between 15 N excess and 13 C excess (Figure 4 ). Neither the intercept nor the slope of the relationship of C excess with N excess varied among species (ANCOVA, slope P = 0.966, intercept P = 0.613). Carbon excess was on average 1.44 times N excess, which is somewhat lower than the slope of 2.0 predicted from the stoichiometry of 2-13 C 2 15 N-glycine (i.e., 2 moles of C per mole of N). Comparison of the actual slope with the predicted slope suggests 72% of glycine-N was taken up intact.
Discussion
The study species took up ammonium the fastest; nitrate uptake was ten times slower, whereas glycine was taken up at an intermediate rate (Figure 2 ). Species did not differ in their preference for N forms, and thus there was no evidence of niche differentiation (sensu McKane et al. 2002) . Instead, our data are consistent with the general suggestion that plant "preference" is related to availability of N forms in the natural habitat (Stewart et al. 1989 , Kronzucker et al. 1997 . Similar trends in uptake rates have been found in studies with species from subantarctic herb-field, subtropical coral cay, subtropical rain forest and wet heathland (Turnbull et al. 1996, Schmidt and Stewart 1999) .
All three species have the ability to take up organic N, in the form of glycine, as has been shown for other species (Schmidt and Stewart 1999 , Miller and Bowman 2003 . Evidence for intact uptake of glycine came TREE PHYSIOLOGY ONLINE at http://heronpublishing.com UPTAKE OF NITROGEN 417 Figure 2 . Mean uptake rates of glycine, ammonium and nitrate by intact roots of Nothofagus cunninghamii, Eucalyptus obliqua and Phyllocladus aspleniifolius. Rate of uptake was determined by incubating intact attached roots in equimolar (100 µmol l -1 ) solutions of nitrate, ammonium and glycine. There was no difference in uptake rates among sites or dates (P > 0.05) and thus these data are combined. Each value is the mean of 36 replicates per species (3 sites × 4 dates × 3 replicates trees). Errors bars = 1 SD. Uptake rates differed significantly among forms of N (P < 0.0001), but species did not vary in their "preference" for different forms of N (species × N form interaction, P > 0.05). 15 N-ammonium or 2-13 C 2 15 N-glycine. Uptake by each species was measured at three sites on each of four occasions. There were no differences in stable carbon isotope composition among sites or dates (P > 0.05) and thus these data are combined. Each value is the mean of 36 replicates per species (3 sites × 4 dates × 3 replicate trees). Error bars = 1 SD. Stable carbon isotope composition did not differ among species (P > 0.05), but was significantly affected by N form (P < 0.001). , but this was not a problem in our study. The 13 C-15 N relationships were strong and did not differ among species or sampling times. In all cases, the slope of the relationship was 1.44, which is less than the expected slope of 2.0, indicating that at least 72% of glycine-N was taken up intact. Intact uptake is likely underestimated because post-uptake metabolism of glycine leads to loss of 13 C. We conclude that intact uptake is the dominant pathway for roots in sterile hydrosolutions.
Mycorrhizal infection was not quantified in our study, but we know from other studies on these or related species that Eucalyptus and Nothofagus are ectomycorrhizal and Phyllocladus has arbuscular mycorrhizae (Warcup 1980 , Lamont 1982 , Russell et al. 2002 . We acknowledge that mycorrhizae affect the ability of plants to grow on amino acids (e.g., Turnbull et al. 1995) , but our data provide no insight into whether plant or symbiont(s) control N uptake.
An important limitation of this study is that we measured potential uptake of glycine, not actual uptake in competition with soil and microorganisms. This distinction is not trivial and the uptake rates measured here may not be indicative of uptake in the field. Several lines of evidence suggest plants are generally out-competed for organic N by soil microorganisms (Hodge et al. 2000 , Jones et al. 2005 . Partly, this is because organic N provides N and C to microorganisms and is never in excess of microbial demand, whereas ammonium and nitrate may provide N in excess of soil microbial demand when soil C:N ratios are low. Nevertheless, a growing number of studies are demonstrating intact uptake of amino acids by plants in field soil (e.g., Näsholm et al. 2000 , Persson et al. 2003 , Weigelt et al. 2003 , Weigelt et al. 2005 . The paradigm of a plant being out-competed by microorganisms is also being questioned by studies examining N partitioning between plants and microorganisms following addition of organic N (Kaye and Hart 1997) .
Organic N is an extremely heterogeneous grouping and it seems improbable that rates of glycine uptake are applicable to all forms of organic N. Persson and Näsholm (2001) , for example, showed more than 5-fold variation in uptake rates among 15 amino acids. At our sites, the amino acids lysine and arginine were abundant in the soil but we do not know if their uptake rates are similar to that of glycine. Similarly, we cannot speculate about uptake rates of amino sugars, peptides or proteins.
Results show glycine-N is taken up intact (Figure 4 ) and analyses of soil extracts indicate that amino acids are as abundant as inorganic N (Table 2) ; hence, there is the possibility for considerable uptake of organic N in the field. These data are consistent with a growing body of literature from various ecosystems, and provide the first indication that organic N uptake occurs in forests of south eastern Australia. This is especially noteworthy given that previous studies of ecosystem N cycling in southeastern Australia (reviewed by Attiwill and Adams 1993) have examined only inorganic N.
